Introduction
The hydrolytic breakdown of plasma triglycerides by lipoprotein lipase (LPL) at the capillary endothelium is a crucial event that contributes to control of the levels of triglycerides in plasma (1, 2) . Many recent studies support the view that elevated levels of triglycerides in plasma is an independent risk factor for development of atherosclerosis (3) (4) (5) . Therefore, the LPL system is considered to be an interesting target for drug design (6, 7) .
LPL is produced and secreted from parenchymal cells like adipocytes and myocytes for transport to the luminal side of the endothelium via interaction with the glycosylphosphatidylinositol-anchored high density lipoprotein binding protein 1 (GPIHBP1) (8) . Several plasma components have been shown to directly or indirectly modulate the activity of LPL. ApoC-II and apoA-V increase the activity of LPL, while apoC-I, apoC-III and angiopoietin-like proteins 3, 4, 8 (ANGPTLs 3, 4, 8) decrease the activity (1, 9) . The expression of each of these proteins depends on nutritional and hormonal factors, so that lipid uptake in tissues to a large extent is regulated by post-translational effects on LPL (1, 9) . It is possible that the macromolecular environment in plasma itself may influence on the interaction of LPL with its ligands.
The protein concentration of plasma (80 g/l) has been shown to cause significant crowding effects (10) . It is also possible that some plasma regulators of LPL activity have not been identified yet.
LPL activity can be measured in vitro using artificial, usually emulsified, systems of radiolabeled, fluorogenic or chromogenic substrates, or isolated triglyceride-rich lipoproteins (TRLs). The reaction products are detected at certain time points by chemical quantification or by determination of radioactivity or fluorescence. These methods have been used to unravel important aspects of the action of LPL and also to quantitate the levels of LPL activity in cells and tissues. Only small amounts of LPL activity are normally present in the circulating blood (11) . Therefore, intravenous injections of heparin are made to release LPL from its endothelial binding sites. Determination of LPL activity in post-heparin plasma, using artificial substrate systems, is considered to give an estimation of the amount of active LPL at the vascular endothelium (12) . 
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Lack of a suitable technique for continuous monitoring of triglyceride hydrolysis in plasma has hampered the understanding of the action of LPL under physiological conditions. The properties of the substrate lipoproteins are likely to change along with that lipids are hydrolyzed, and there are several events to consider. When core triglycerides are removed, lipolysis products like monoglycerides and fatty acids may accumulate on the surface, the particle size will decrease, the surface pressure will increase and there will be exchange of apolipoproteins between TRLs and other lipoproteins in plasma (13) . Fatty acids can affect LPL either directly or through binding to some of its ligands like ANGPTL4 (14, 15) . Due to that the physical properties of the lipid substrate is sensed by LPL, there are several examples demonstrating that the activity of LPL on non-physiological substrates is less affected by its regulator proteins (16) and is more resistant to thermal inactivation (17) or proteolytic cleavage (18) than when lipoproteins are used as substrate. Therefore it is unlikely that determination of LPL activity in samples of post-heparin plasma using artificial substrate systems will give a sufficiently good image of the lipolysis event in vivo.
In the present study, we demonstrate that isothermal titration calorimetry (ITC) overcomes a number of the limitations of other techniques for measurement of LPL activity. ITC provides a continuous assay using the observable heat rate that is directly proportional to the rate of the lipolysis (19) . Raw data from ITC experiments are presented as thermograms in which the changes in the heat rate (also named heat flow, thermal power or heat flux) are monitored at a constant temperature. The method can be easily automated. We demonstrate that ITC can be used for determination of LPL activity on lipoproteins in human plasma. Both initial rates (zero-order kinetics) and kinetics for complete lipolysis can be measured.
ITC can also be used for investigations of the effects of activating and inhibiting proteins on LPL activity.
The ITC-based approache proposed in this report should be suitable for testing of drug candidates that are developed for targeting LPL activity.
by guest, on www.jlr.org Downloaded from 6 preparation contained 1.3 mg protein/ml and 2.5 mM triglycerides. Commercial human VLDL was purchased from Kalen Biomedical (USA). This preparation contained 1 mg protein/ml and 4.2 mM triglycerides. Goat serum was from Invitrogen (product code 10000C). Intralipid (a 20% phospholipidstabilized emulsion of soy bean triglycerides used for parenteral nutrition of patients) was obtained from Sigma. Heparin was purchased from LEO Pharma (Denmark).
Sample preparation
Before experiments the plasma samples were diluted 1.2 times with TRIS buffer pH 7.4 or with the additions specified for each experiment. The final concentration of TRIS was in all cases 20 mM. The stock solution of bovine LPL was diluted in cold 10 mM TRIS, pH 8.5, containing 4 mM sodium deoxycholate. In this buffer, LPL is stable for a long periods of time, even at low protein concentrations.
The final concentration of deoxycholate during incubations with plasma or lipoproteins was 10 to 100 times lower than the initial. Control experiments showed that these levels had no influence on the enzymatic reaction. For inhibition of HL activity in post-heparin plasma, 0.5 volumes of goat anti-human HL IgG or the corresponding volume of PBS were added to the plasma. The mixture was then incubated for 2 hours on ice prior to experiments (24) . All samples were degassed under vacuum for 15 minutes before the ITC experiments.
ITC measurements
Most of the experiments were performed on a Nano ITC model 5300 (TA Instruments, USA) at 25 C. A MicroCal Auto-iTC200 (GE Healthcare) instrument was used for experiments on the relationship between total heat production and released fatty acids. In a typical experiment performed by Nano ITC, the lipase substrate (plasma, Intralipid 20% or VLDL) with or without added ligands was placed in the calorimetric cell (1035 µl) and the syringe (250 µl) was filled with LPL-containing solution (bovine LPL or post-7 heparin plasma) (see Figure 1A ). The reference cell contained MilliQ water (1032 µl). The stirring speed in the sample cell was 400 rpm. The baseline was left to stabilize for at least 1 hour before LPL or postheparin plasma was injected. The first injection was 2 µl and after that single or sequential injections of 10 to 25 µl were made. The interval between the injections was from 200 s to 500 s. In experiments performed by MicroCal Auto-iTC200, 400 µl of lipase substrate (plasma), 400 µl of equilibration buffer MicroCal Auto-iTC200 was washed with MilliQ water, 10% Decon90 (Decon Laboratories Ltd.), and 100% methanol. Raw ITC data were analyzed using the NanoAnalyze (TA Instruments) or MicroCal Origin (GE Healthcare).
Hepatic lipase assay
Measurements of HL activity were performed using a gum arabic-stabilized emulsion of 3 H-triolein and soy bean triglycerides (24) . 
Results

ITC can be used for measurements of LPL activity in human plasma
To evaluate whether ITC can be used for studies of LPL action, we first tested the stability of LPL during the ITC experiments. The ITC cell was filled with human plasma, and LPL was injected ( Figure 1A ). As can be seen in Figure 1B , this resulted in an increase of the heat rate, which then remained constant for the duration of the experiment (5500 seconds). This demonstrated, as expected, that the reaction was exothermic, and also that the catalytic activity of LPL was unchanged during the whole experiment. The reaction followed zero-order kinetics, meaning that consumption of the substrate (presumably triglycerides and phospholipids in plasma lipoproteins), or changes of the physical properties of the substrate due to lipolysis, did not influence on the reaction rate. Sequential injections of LPL into the ITC cell led to a step-wise increase of the heat rate ( Figure 1C) . The heat rate level increased almost equally by each injection, indicating a proportional relationship between the concentration of LPL and the reaction rate ( Figure 1D ).
Next we compared the activity of LPL in plasma to that recorded with isolated human VLDL or with the synthetic lipid emulsion Intralipid (with goat serum as source of apoC-II) as substrate (Figure 2 ).
At the same initial triglyceride concentration (1 mM), the heat rate level was proportional to the concentration of LPL in all three systems, at least up to 400 pM ( Figure 2 ). The observed heat production rate was almost the same, suggesting that the total heat production was mainly due to hydrolysis of To investigate whether ITC could be used for measurement of LPL activity in human post-heparin plasma we injected small amounts of post-heparin plasma from the syringe into the ITC cell containing triglyceride-rich, normal human plasma. As with purified LPL, a linear relationship between the amount of post-heparin plasma and the heat rate level was observed ( Figure 3A ). Because post-heparin plasma contains another triglyceride lipase in addition to LPL, named hepatic lipase (HL) based on its tissue
origin (26), we pre-treated a sample of post-heparin plasma with antibodies known to specifically inhibit HL (12, 24) . The antibody concentration used in these experiments (1.5 mg/ml) had been shown to be sufficient to completely inhibit activity of HL (12, 24) . After injection to the ITC cell the slope of the heat rate versus plasma volume was only slightly decreased with plasma containing the antibodies compared to the original post-heparin plasma diluted to the same extent with buffer. Analysis by t-test revealed that the differences between the slopes of the two lines (post-heparin plasma with and without the inhibitory antibody) were not significantly different (p=0.13; paired, two-tailed distribution). To verify that the anti-HL IgG was able to fully inhibit HL we made concentration curves with different amounts of IgG using ITC ( Figure 3C ). We also used a specific HL assay with radiolabeled substrate to measure remaining HL activity ( Figure 3D ). These results demonstrate that the heat rate detected with injection of post-heparin plasma to the ITC cell was almost fully due to LPL. Based on comparison of the activity of the purified LPL with that detected by injection of post-heparin plasma ( Figure 2 , human plasma and Figure 3A ), we estimated that the sample of post-heparin plasma contained 7.3 pmol LPL/ml. This equals about 0.8 µg LPL/ml.
To demonstrate that the ITC assay for LPL activity could be adopted for general use, measurements were performed with a commercial preparation of human VLDL ( Figure 3B ). The triglyceride concentration was lower (0.42 mM) in this preparation than in the previously used plasma samples (1 mM), and the recorded LPL activity was lower than that obtained in Figure 3A (about one forth). The activity was, however, sufficiently high for a linear determination based sequential injections of post-heparin plasma to the ITC cell ( Figure 3B ).
ITC can be used to record complete hydrolysis of plasma lipids by LPL
In the next experiments, ITC was used to monitor the kinetics for complete hydrolysis of available substrate lipids in plasma by LPL. For practical reasons, the amounts of LPL used were 40-100 times higher than those used for determination of initial rates. Examples of hydrolysis curves (run in triplicates)
for two plasma samples, that differed in their initial triglyceride concentrations by a factor of 2.7, are shown in Figure 4A . The areas under the curves correspond to the total heat production. The areas differed by a factor of 2.6, indicating a good correlation between total heat production and the initial triglyceride concentration of the plasma samples. The amounts of fatty acids released, as determined by the NEFA kit at the end of each reaction, were approximately two-fold higher than the initial triglyceride concentrations in the plasma samples. This is in agreement with that LPL is known to catalyze hydrolysis of the ester bonds at positions sn-1 and sn-3 of triglycerides (27) , and with that isomerization of acyl groups from the sn-2 position to the sn-1(3) positions is slow at pH 7.4. Thus, the actual substrate concentration can be considered to be equal to the concentration of hydrolysable ester bonds, which is two times higher than the triglyceride concentration. Using results from several experiments, with plasma samples from different individuals, a linear correlation was found between the total heat production and the amounts of fatty acids released ( Figure 4B ). The slope of this relationship was used for calculation of the apparent enthalpy H, using the equation
where Q is the total heat production, P is the concentration of released fatty acids, V is the volume of the ITC cell (19) . This calculation resulted in aH value equal to 38.8 kJ/mol. To further analyze the curves for complete hydrolysis in Figure 4A , the data were transformed into a plot of reaction rate versus remaining substrate concentration ( Figure 4C ). This was obtained by subtracting the amount of hydrolyzed substrate at a chosen time point from the concentration of hydrolysable ester bonds (the total area). This transformation enabled us to examine how the reaction rate depended on the substrate concentration, using data from a single hydrolysis curve. As can be seen, the reaction rate for the samples differed when the substrate concentration was high, but the rates were overlapping in the lower substrate range. This indicates that there might be detectable differences in the properties of plasma samples with regard to their ability to undergo hydrolysis by LPL.
ITC can be used to study the influence of added regulators on the LPL reaction in plasma
In the next set of experiments, we examined how the LPL activity in plasma was influenced by addition of apoC-II, apoC-III, apoA-V, ANGPTL3 or ANGPTL4. Experiments with apoC-II were carried out using Intralipid as substrate, because plasma normally contains sufficient amounts of apoC-II for full activation of LPL (28) . The LPL concentration was held constant, while the apoC-II concentration was varied from 0 to 1000 nM. ITC thermograms are presented in Figure 5A . As expected, addition of apoC-II caused increased activity of LPL. To estimate the activation factor and the affinity of apoC-II for LPL, the heat rate values at 200 s were plotted against the apoC-II concentration ( Figure 5B ). As can be seen, apoC-II activated LPL in a saturating fashion. For the analysis of the apoC-II activation data, we used a model proposed by Quinn, D. et al. (29) . The estimated maximal activation factor was 4.2±1.2 and the K d value was 22±8 nM. The real time recordings demonstrated that LPL was unstable in the absence of apoC-II, or when the concentration of apoC-II was below 100 nM. Thus, in addition to activation, apoC-II also stabilized LPL. This is in accord with results from previous studies (30) . The stabilizing effect of apoC-II is usually not recognized with other substrate systems used for measurements of LPL activity. The advantage with ITC is that the continuous monitoring of the reaction rate provides detailed information about the first minutes of the reaction.
For studies of the effects of apoC-III on the activity of LPL, experiments were conducted 1) under zero-order conditions when the LPL concentration was so low that the reaction rate was constant because It was interesting to test the effect of apoA-V in the ITC system. Evidence in vivo point to a stimulation of LPL activity by apoA-V, but the effect has been difficult to reproduce in vitro (32) . Using ITC and zero-order conditions, low concentrations of apoA-V (10 nM) did not stimulate the activity of LPL ( Figure 6D ). On the contrary, higher concentrations of apoA-V (100 nM) seemed to inhibit LPL activity. It should be noted that the normal concentration of apoA-V in human plasma is considerably lower, about 4 nM (33).
ANGPTL4 is considered to be a major regulator of LPL activity in vivo (9) . The normal range for ANGPTL4 in plasma is between 0.04 and 3 nM (34) . In experiments with ITC, suppression of LPL activity was seen by the presence of ANGPTL4 (the N-terminal fragment). A 10% drop of LPL activity was detected almost from the start of the experiment by the presence of added ANGPTL4 corresponding to an increase of the plasma concentration by only 10 nM. The decrease in activity persisted for the duration of the experiment ( Figure 7A ). With higher concentrations of added ANGPTL4 (corresponding to 100 nM or 1000 nM), the activity of LPL initially dropped more, and the heat rate continued to decrease Finally we wanted to study the effects of the LPL-binding protein GPIHBP1, shown by others to stabilize LPL against inactivation by ANGPTL4 (35). Also the acidic N-terminal peptide of GPIHBP1 is known to bind and stabilize LPL (36, 37) . When added to the ITC system under zero-order conditions, the peptide did not protect LPL from inactivation by ANGPTL4 ( Figure 7B ). Studies with full-length ANGPTL3 demonstrated that it had similar effects on LPL as the N-terminal fragment of ANGPTL4, but ANGPTL3 appeared to be less potent than ANGPTL4 ( Figure 7C ). 
Discussion
We have demonstrated that ITC can be used to obtain reliable and reproducible data illustrating the action of LPL on plasma lipoproteins. The advantage with ITC is the possibility to perform continuous measurements of LPL activity in plasma, using changes in heat rate for determination of the reaction rate.
There is in general a linear relationship between the reaction rate and the heat rate (19) . However, in the case of lipolysis in plasma, the heat rate includes heat effects of at least four different processes:
hydrolysis of ester bonds, structural changes of the lipoproteins due to removal of lipids, neutralization of the released fatty acids by the buffer, and binding of the fatty acids to albumin. In spite of this complexity, several observations suggest that the heat rate is a suitable quantitative parameter for measurement of catalytic activity of LPL in plasma. The arguments are: 1) that the heat produced by the action of LPL was proportional to the amount of fatty acids released; 2) that LPL was stable in the ITC cell for a long period of time; 3) that there was a linear dependency between the amount of LPL added to the ITC cell and the heat rate; 4) that on complete hydrolysis of the plasma lipids, the total heat production was linearly dependent on the initial triglyceride concentration; 5) that the heat effect was nearly the same with the synthetic triglyceride emulsion Intralipid as with isolated VLDL or with triglyceride-rich plasma as substrate for LPL. Based on this it is reasonable to assume that heat effects due to structural changes of the lipoproteins, or to other interactions established in the system, are negligible in comparison with that due to hydrolysis of ester bonds.
The ITC assay used for measurement of initial rates was sensitive enough to determine the levels of lipase activity in human post-heparin plasma, but the activity present in pre-heparin human plasma was too low to be detected. The level of LPL activity in plasma before injection of heparin is only around 1 % of that in post-heparin plasma (12) . In addition to LPL, heparin injection also releases endothelial lipase (EL) and HL from the vascular endothelium. Like LPL these enzymes catalyze hydrolysis of triglycerides and phospholipids, and they may contribute to the ITC measurements. However, their substrate specificity is different from that of LPL. In the case of HL, we used inhibiting antibodies to demonstrate that HL did 15 not significantly contribute to the lipase activity during the ITC assay. HL acts preferably on phospholipids in HDL and smaller VLDL, but it can also hydrolyze ester bonds in triglycerides (24, 38) .
Although it does not seem necessary in the ITC assay we still advocate the use of inhibiting antibodies to HL for specific analyses of LPL activity in post-heparin plasma. Slight variations in the substrate lipoproteins, or in the assay conditions, could otherwise allow HL to contribute to the hydrolysis. In the case of EL, it has been shown that TRLs are poor substrates (38) . Furthermore, Badellino et al. (39) have shown that heparin administration increases the EL concentration in plasma only three-fold. For comparison, LPL increases more than hundred-fold. In our ITC experiments, post-heparin plasma was diluted 1.5 times with PBS or antibodies. Then 20 µl of this diluted sample was injected into the ITC cell which contained 1 ml triglyceride-rich plasma. It follows that the concentration of EL was not significantly increased in the ITC cell after injection of post-heparin plasma. Inhibiting antibodies to EL could be used to verify this conclusion.
The ITC assay is an alternative to assays that use radiolabeled (40) or fluorogenic substrates (41, 42) , or directly measure released fatty acids by NEFA kits (43) . Because plasma contains free fatty acids at high concentrations, 0.3 -1 mM (44), the NEFA kit is applicable only when significant amounts of fatty acids have been produced by the added LPL. In addition, most of the mentioned assays cannot be used for continuous registration of the lipolysis, and they are more laborious and time consuming than the ITC measurements. The use of plasma as substrate source is an advantage, because plasma contains the natural substrate for LPL in the form of TRLs. The lipoproteins do not need to be isolated, meaning that the possible risk of damaging their native structure or changing their apolipoprotein composition can be avoided. For measurements of LPL activity, or functional studies of LPL and its controller proteins, it is important to use native substrates to be able to pick up functional effects that might be important in vivo.
In addition, we demonstrate that commercially available human VLDL, or a synthetic emulsion of triglycerides like Intralipid, can be used as substrate in the ITC.
The broad linearity range, the high sensitivity, and the possibility to use an automatic setup are arguments for ITC for routine measurements of LPL activity. The continuous monitoring of the reaction by guest, on www.jlr.org Downloaded from rate allows accurate zero-order recordings of true initial rates. The stabilization of LPL by addition of apoC-II, as seen in the present study, is usually not detected in other substrate systems. Therefore the magnitude of the activation of LPL by apoC-II can easily be overestimated (30) . ITC provided a method to carefully investigate possible effects of apoA-V on the catalytic activity of LPL. Animal experiments (45) and population studies in humans (46, 47) have demonstrated that apoA-V is an important regulator of triglyceride levels in plasma (48) . ApoA-V lowers triglyceride concentrations in vivo, but its effect has been difficult to reproduce in vitro using studies of LPL activity in different substrate systems (49) . Our data from ITC adds to the notion that apoA-V does not directly stimulate the activity of LPL. explained by expel of apoC-III from the surface of TRLs when their triglyceride content, or their size, is reduced. The distribution of apoC-III between plasma lipoproteins is known to be affected by the total triglyceride content in plasma, so that in plasma from subjects with elevated triglyceride levels, more apoC-III will be found with the TRLs and less with HDL (52, 53). ApoC-III was reported to displace LPL from triglyceride-rich emulsion particles (51) . No direct interaction between LPL and apoC-III has so far been detected, meaning that the inhibition probably reflects competition between apoC-III and LPL for binding to the TRLs. Differences in the physical properties of the TRLs, as well as the levels of other plasma components, are likely to determine the binding of LPL to the TRLs, and thereby the lipolysis rate.
HDL are known to sequester apoC-III and other inhibiting apolipoproteins in an exchangeable fashion. (57) . Others have proposed that ANGPTL4 acts as a non-competitive inhibitor by forming a reversible complex with LPL (58). Using ITC, addition of nanomolar concentrations of ANGPTL4 to plasma was required to see effects on LPL activity. This is at least one order of magnitude higher than the concentrations normally found in human plasma (34) , and is in line with that LPL was stable in plasma for the duration of the ITC experiments. We conclude that the concentrations of ANGPTL4 and ANGPTL3 in blood are too low to affect the activity of LPL. Our data confirm the previous results of Nilsson et al. (59) , that were obtained using other techniques to measure effects on LPL activity. In the ITC experiments, ANGPTL4 was more efficient in lowering of LPL activity compared to ANGPTL3, but the time courses for the inhibition of LPL were similar for the two proteins. In both cases it was possible to distinguish an initial fast phase followed by a slow phase. This suggests that the ANGPTLs may use similar inhibition mechanisms in the plasma environment, including both inhibition of LPL activity and irreversible inactivation. It is likely that a reversible complex is first formed between LPL and the ANGPTL, and that this may cause inhibition of the catalytic activity against TRLs and lipoprotein-like substrates. The interaction may then lead to irreversible inactivation of LPL by formation of LPL monomers and dissociation of the ANGPTLs from LPL, as previously suggested (54) . It is tempting to speculate that both mechanisms, inhibition and inactivation, may operate on LPL in vivo.
Development of drugs that reduce the inhibitory effect of apoC-III, ANGPTL3 (60) or ANGPTL4 (61) on LPL activity is currently ongoing with the aim to reduce plasma triglyceride levels in patients at high risk for coronary heart disease. In addition, an apoC-II mimetic peptide is tested to lower plasma triglycerides in subjects with mild to moderate hypertriglyceridemia or in patients with severe hypertriglyceridemia due to deficiency of apoC-II (62, 63) . ITC offers a convenient method to study the effects of new drug candidates in a plasma environment. With ITC it is also possible to directly investigate the cause for the hypertriglyceridemia by direct incubation of plasma samples with LPL.
In the clinical laboratory, ITC can be used to find out whether hypertriglyceridemia in patients is caused by reduced amounts of active, heparin-releasable LPL or by an unfavourable composition of the patient's plasma. In the first case, ITC would be an alternative to the standard radioisotope or fluorometric methods previously described. In the second case, ITC can be used to characterize plasma samples according to their properties as LPL substrate. This is a new way to analyze dysfunction of plasma lipoprotein metabolism, not easily attainable by other techniques.
In summary, ITC can be used for quantitative measurements of LPL activity in human postheparin plasma, for real-time recording of complete lipolysis of human plasma lipoproteins by LPL, and for investigations of the effects of some different control proteins on LPL activity in a plasma environment. We propose that studies of the action of LPL by ITC can be used for diagnostic purposes, for basic research, as well as a tool in drug development. pre-incubations were as follows: 0 mg/ml; 0.01 mg/ml; 0.1 mg/ml; 0.5 mg/ml and 1.5 mg/ml. D, Measurements of remaining HL activity after pre-incubation of human post-heparin plasma with anti-HL antibodies using a radiolabeled triolein/gum arabic emulsion incubated at 1 M NaCl. Post-heparin plasma was preincubated with antibodies to HL at the following concentrations: 0 mg/ml; 0.01 mg/ml; 0.1 mg/ml; 0.25 mg/ml; 0.5 mg/ml; 1.5 mg/ml and 3.0 mg/ml. The values are mean ± S.D. of three determinations. 
